Background and Purpose-To compare a computerized arm trainer (AT), allowing repetitive practice of passive and active bilateral forearm and wrist movement cycle, and electromyography-initiated electrical stimulation (ES) of the paretic wrist extensor in severely affected subacute stroke patients. Method-A total of 44 patients, 4 to 8 weeks after stroke causing severe arm paresis (Fugl-Meyer Motor Score [FM, 0
E ach year, Ͼ1 million patients experience a stroke in the European community, and Ϸ30% of the survivors experience a severe upper limb paresis without volitional distal activity. 1 Their prognosis for regaining functional hand activity 6 months later is very poor. 2 More Bobath therapy does not improve outcome, 3 and the patients do not meet the criteria for entering active training programs. 4 Electromyography (EMG) biofeedback 5 and treatment on a rocking chair 6 showed positive effects on upper limb motor control for this subgroup of severely affected patients.
Robots are a new treatment option. The MIT-Manus 7 and the MIME robots 8 work on shoulder-elbow movement, and randomized studies have shown a positive effect on motor power of the affected shoulder and elbow muscles, although motor control improved to a lesser extent. 9, 10 The Bi-Manu-Track robotic arm trainer (AT) works on more distal arm movements, practicing bilateral elbow pro-supination and wrist flexion-extension. 11 In chronic patients, a 4-week training program reduced wrist and finger spasticity.
The present trial studied the effect of the Bi-Manu-Track on subacute stroke patients experiencing severe arm paresis. The control group received electrical muscle stimulation (ES) of the paretic wrist extensors. Although less effective in severely affected patients, [12] [13] [14] the authors chose ES in line with national stroke rehabilitation guidelines on the basis of positive systematic reviews of the literature. 15, 16 The robot group was expected to have a better outcome because of a higher repetition rate and the bilateral approach.
Methods

Subjects
Subjects were recruited from 2 rehabilitation centers over an 8-month period, who met the following criteria:
• first time supratentorial stroke; • stroke interval before study onset 4 to 8 weeks; • severe upper limb paresis with no or only a palpable volitional activity of the wrist and finger extensors (ie, Medical Research Council [MRC] 0 or 1); • an initial upper limb Fugl-Meyer Motor Score (0 to 66) of Ͻ18; • absent or moderate elbow, wrist, and finger spasticity; • able to understand the meaning of the study; and • written informed consent to participate in the approved study.
The exclusion criteria were: apraxia (ie, 1 fault in the tasks waving goodbye, saluting, and making a fist with the nonaffected hand after verbal instruction and demonstration, and using an eraser, comb, and screwdriver with the objects handed to the patient and verbally instructed);
shoulder pain insensitive to standard therapy; hand swelling sufficient to prevent fist formation; painful arthritis of the wrist or finger joints; and forearm skin ulcers.
Allocation
A total of 44 lots (A or B) had been prepared in 2 sealed envelopes, 22 lots for each center. Just before the first session, the patient drew a lot out of the envelope presented by an independent person, who then informed the therapists. Power calculation (␣ 0.05; ␤ 0.8) assumed a mean Fugl-Meyer Motor Score (FM, 0 to 66) of 14 (SD 6.0), a clinically relevant difference of 5 points and a drop-out rate of 20%.
Intervention
In addition to their standard inpatient rehabilitation program, the patients practiced with an AT (AT group; Bi-Manu-Track) or ES of their paretic wrist extensors (ES group; Bentrofit M13 and F12) for 20 minutes every workday for 6 weeks (30 sessions).
The AT 11 enabled the mirror-like practice of 2 movement cycles: forearm pro-supination and wrist flexion extension. The patients sat at a height-adjustable table with their elbows bent at 90°and put their forearms in the mid-position into an arm trough. Each hand grasped a handle; a strap led the paretic hand in place. To switch movement direction, the device was tilted 90°downward and the handles position changed. Three computer-controlled modes were offered: (1) passive-passive, with both arms being moved by the machine; (2) active-passive, with the nonaffected arm driving the affected side; and (3) active-active, with both arms actively moving against resistance. Within 1 session, each patient practiced 200 of the elbow and 200 of the wrist cycles, totaling 400 cycles, or 800 repetitions, half in mode 1 and half in mode 2. Additionally, the patients could practice 25 to 50 repetitions in mode 3.
In the ES group, the patients sat at a height-adjustable table with their elbows bent 90°and their forearms in pro-nation. Four-to 7-s trains of monophasic exponential pulses (75 Hz; 0.5 ms; 0 to 80 mA) were applied by 2 self-adhesive flexible electrodes (2.5ϫ3 cm). The intensity was set to produce maximum wrist extension. Patients performed 60 to 80 wrist extensions per session, with an interstimulus interval between 8 and 15 s.
If the patient could volitionally activate the wrist extensor muscle during the study, an EMG-initiated ES was applied. A third flexible self-adhesive electrode, placed between the 2 stimulation electrodes, recorded the volitional muscular activity. The EMG activity level required to trigger the ES was continuously adjusted near the patients' highest level. Again, 60 to 80 wrist extensions were practiced per session.
Both treatments (AT or ES) were performed by the same therapists and in the same room to limit external influences. After help with the set-up (2 to 3 minutes for AT and ES), the patients practiced themselves, and a therapist remained within shouting distance in case of problems. AT patients received additional help tilting the device and exchanging the handles, which took another 1 to 2 minutes.
The ongoing standard rehabilitation program comprised 5 45minute sessions of physiotherapy (PT) and 4 30-minute sessions of occupational therapy (OT) based on the neurodevelopmental tech-nique concept every week. Restoration of stance and gait and activities of daily living competence were primary targets. Upper limb exercises took Ϸ20% of PT and OT, mostly devoted to tone-inhibiting maneuvers and improving proximal muscle control (eg, weight acceptance over the shoulder girdle).
Outcome Measures
The primary outcome variable was the Fugl-Meyer Motor Score of the upper extremity (FM, 0 to 66). 17 The sensitive, reliable, and valid test included items related to movements of the shoulder, elbow, and forearm (proximal part) and the wrist and hand (distal part). A proximal shoulder/elbow (FM-prox, 0 to 42) and a distal hand/wrist (FM-dist, 0 to 24) subscore were calculated.
Secondary outcome measures were the muscle power and tone of the affected extremity. The MRC scale (0 to 5) evaluated the power of the shoulder abductors, flexors, and extensors of the elbow, the wrist, the fingers, and the thumb. A total motor power score (MRC sum, 0 to 45) included a proximal (MRC-prox, 0 to 15) and a distal subscore (MRC-dist, 0 to 30).
The modified Ashworth scale (AS, 0 to 5) assessed the tone of the shoulder adductors, the flexors of the elbow, wrist, fingers, and the thumb. 18 A total (AS sum, 0 to 25), proximal (AS-prox, 0 to 10), and distal (AS-dist, 0 to 15) scores were calculated. Data were assessed at study onset (Tbegin), after 4 weeks (T4weeks), at the end of treatment (Tend), and 3 months later (Tfollow-up).
The FM assessment was entirely videographed with the patient sitting on a chair with a mirror placed in an angle of 45°to his/her paretic shoulder. A blinded therapist rated the videos of all patients at the end of the trial. The treating therapists rated the secondary outcome variables.
Statistical Analysis
An intention-to-treat analysis was performed. If a subject dropped out, assessment continued, or if this was not possible, the last score was used. Homogeneity of the groups before study onset was tested by Mann-Whitney U test. Two-factor (intervention-AT, ES-and time-Tbegin, T4weeks, Tend, Tfollow-up) ANOVA, with Barthel Index (BI) as baseline covariant, was performed. ␣ was set to 0.05.
Results
Of 914 stroke patients admitted during this period, 44 patients entered the trial. Twenty-one of the AT and 22 of the ES group completed treatment, and 19 (20) patients were available at 3-month follow-up (Figure 1 ). At baseline, BI was higher in the AT group, but the groups were otherwise well matched ( Table 1) .
Each AT patient practiced a total of 12 000 cycles or 24 000 repetitions. Twelve (9) patients additionally practiced 25 to 50 elbow (wrist) cycles in mode 3 after 3 to 4 weeks. Side effects did not occur.
Each ES patient practiced a total of 1800 to 2400 wrist extensions. Only 3 of 22 patients were able to use EMGinitiated ES after 2 to 5 weeks. Three patients developed hand swelling, which responded to treatment.
As expected, FM score improved in both groups over time (Fϭ25.8; PϽ0.001) but significantly more in the AT group (factor group Fϭ6.3 and Pϭ0.0161and interaction of the factors group and time Fϭ10.6 and PϽ0.001). The initial BI had no influence. Mean FM score was 15.0Ϯ3.3 (95% CI, 8.3 to 21.7) greater in AT group that ES group at study end and 13.4Ϯ5.1 (95% CI, 3.0 to 23.6) at follow-up ( Table 2 ). The subscores FM-prox and FM-dist improved in the AT group to a similar extent (Table 3; Figure 2 ). Among the neglect patients (5 cases in both groups), only 2 in the AT group and 1 in the ES group improved their FM 
TABLE 2. Mean (SD) and Median (IQR) Scores, Mean Differences (SD) and Approximate CIs for the AT and ES Group
Discussion
Subacute stroke patients with severe upper limb paresis, but without neglect, showed a significantly better upper limb motor control and muscle strength after robot arm training compared with the wrist ES.
Arm function improved over time with ES of the paretic wrist extensor, as currently recommended by national guidelines based on positive literature reviews, 15, 16 but this study is not designed to show whether ES added anything to the conventional therapy that patients were also receiving. With the robot, patients practiced a total of 24 000 repetitions, evenly divided between 4 different movement directions, whereas the ES group practiced a total of 1800 to 2400 repetitions of wrist extension only. This ES intensity followed the literature. 12 More stimulations per session could have resulted in an excessive muscle fatigue as a well known effect of ES because of its reversed motor unit recruitment pattern. 19 The higher treatment intensity and patients' more active participation are the most likely explanations for the enhanced result from robotic training 20 ; the contribution of the unique feature of the robot itself to the outcome remains unclear at the present moment. Potential risks of excessive training (eg, focal dystonia 21 or impaired sensorimotor function, 22 as seen in experimental animals) did not occur.
With the AT, the patients practiced bilaterally, which has been shown by a pilot functional MRI study to enhance activation of primary motor cortex compared with unilateral paretic hand movement in the early recovery stage of 2 patients. 23 Further arguments in favor of a bilateral approach after stroke are the controlled trials of Feys et al and Caraugh et al, who showed a superior treatment effect of a bilateral repetitive shoulder stimulation on a rocking chair and of a coupled protocol of EMG-triggered ES and bilateral coordination training. 6, 24 Controlled trials with the MIT-Manus in acute stroke patients consistently reported a significantly stronger proximal muscle strength in the robot group during treatment. 9 Among patients with a plegic hand (nϭ56), FM-shoulder and wrist-hand subscores did not improve after 20 1-hour treatment sessions. 9 In the present study, the proximal and distal motor control improved in the robot group, suggesting a generalized treatment effect. One may speculate that the more distal approach resulted in a more powerful activation of the sensorimotor cortex given their larger cortical representation. The recently suggested competition between proximal and distal arm segments for plastic brain territory after stroke 25 would recommend shifting the emphasis of treatment from the shoulder to the forearm, hand, and fingers.
The limitations of this study include the higher level of competence in daily living in the AT group at study onset and the nonblinded assessment of the secondary outcome variables. The duration of therapy devoted to hand function during the conventional rehabilitation program was not recorded; this would have revealed whether patients with a higher initial BI, for instance, had more hand therapy, which would have favored the AT group. Further actual concomitant therapies were not monitored, and the omission of a specific measure of activity limited the clinical relevance of the study.
In conclusion, 30 20-minute sessions of robotic training improved upper limb motor control and muscle strength compared with ES of the paretic wrist extensors in subacute stroke patients with severe upper limb paresis. Confirmation of this finding within a large multicenter trial is warranted. 
